Spermatogenesis is a complex developmental process whereby diploid spermatogenic stem cells become haploid and undergo a series of morphological changes to produce physically mature spermatozoa. Crucial to this process are a number of RNA-binding proteins, responsible for the posttranscriptional control of essential mRNAs and particularly pertinent to the two periods of inactive transcription that occur in spermatogenesis. One such group of RNA-binding proteins is the Musashi family, specifically Musashi-1 (MSI1) and Musashi-2 (MSI2), which act as key translational regulators in various stem cell populations and have been linked with the induction of tumorigenesis. In the present study, we examined the differential expression of mammalian MSI1 and MSI2 during germ cell development in the mouse testis. MSI1 was found to be predominately localized in mitotic gonocytes and spermatogonia, whereas MSI2 was detected in meiotic spermatocytes and differentiating spermatids. Extensive examination of the function of Musashi in spermatogenesis was achieved through the use of two transgenic mouse models with germ cell-specific overexpression of fulllength isoforms of Msi1 or Msi2. These models demonstrated that aberrant expression of either Msi1 or Msi2 has deleterious effects on normal spermatogenesis, with Msi2 overexpression resulting in male sterility. Studies undertaken on human testicular seminoma tumors provide further insights into the relevance of MSI1 and MSI2 overexpression as diagnostic markers to human stem cell cancers. Overall this study provides further evidence for the unique functions that RNA-binding protein isoforms occupy within spermatogenesis, and introduces the potential manipulation of the Musashi family proteins to elucidate the mechanisms of posttranscriptional gene expression during germ cell development.
INTRODUCTION
Mammalian spermatogenesis is a complex developmental process whereby physically mature spermatozoa are generated from a small population of undifferentiated spermatogonial stem cells (SSCs) [1] [2] [3] . This dynamic process occurs within the seminiferous tubules of the testis and involves an intricate program of mitotic, meiotic, and differentiation events that are dependent upon the strict regulation of stage-specific gene expression [2, 4] . The ability of SSCs to asymmetrically divide into self-renewing and differentiating spermatogenic cells preserves the stem cell pool while meeting the proliferative demand of the testis to produce large numbers of spermatozoa daily; this makes the maintenance of SSCs an essential requirement for spermatogenesis and thus male fertility [3] .
Uncoupled mRNA transcription and translation has emerged as a pivotal mechanism controlling the temporal and spatial protein expression during male germ cell development [5] . Indeed, posttranscriptional machinery is crucial during the two phases of transcriptional quiescence that occur during spermatogenesis. The first of these phases takes place in spermatocytes entering early meiosis [6] , and the second occurs at the time of chromatin condensation, in haploid spermatids undergoing spermiogenesis, resulting in transcriptional cessation [2, 7] . RNA-binding proteins are responsible for a number of mRNA posttranscriptional events, including mRNA processing, nuclear mRNA export, translation, and mRNA decay [2] . Despite the importance of these events, limited progress has been made towards understanding the specific functions of these essential proteins [8] .
This study focuses on the Musashi family of RNA-binding proteins, in particular the role of the highly conserved paralogs Musashi-1 and Musashi-2 [9] , and their role in spermatogenic progression at the germ cell level. Originally discovered in Drosophila, Musashi acts as a key player in asymmetric cell division in sensory organ precursor cells [10] , and has been subsequently implicated in stem cell function and cell fate determination in the mammalian system [10] [11] [12] [13] [14] . The role of Musashi in the translational repression of mRNAs encoding proteins involved in cell cycle progression has been well characterized [10, [15] [16] [17] , yet more recently Musashi has also been recognized as a translational activator in Xenopus oocytes and mammalian neurons [18] [19] [20] [21] . Elevated levels of both Musashi paralogs have also been identified in various malignancies, with correlations between expression and cancer cell proliferation [10, 14, [22] [23] [24] .
Genetic screening of Drosophila genes involved in germ cell biology identified Musashi as a critical regulator of testis stem cell maintenance and meiosis [25] . Using the fly testis as a model system, we have previously demonstrated that loss of Musashi function disrupts the balance between germ-line stem cell renewal and later stage differentiation, resulting in the premature differentiation of germ-line stem cells and meiotic defects [25] . Although we have verified that both mammalian paralogs of Musashi are present in in germ cells of adult mouse testis [25, 26] , their roles in regulating spermatogenesis remain unknown.
In the present study, we have further characterized the unique spatial and temporal expression patterns of Musashi-1 and Musashi-2 transcript (Msi1/Msi2) and protein (MSI1/ MSI2) throughout spermatogenesis. We have detected Musashi expression in both germ cells and supporting somatic cells of the testis (i.e., Sertoli and Leydig cells); however, here we primarily focus on the role of Musashi in spermatogenic cell development. Furthermore, through the use of two transgenic mouse models, designed specifically to overexpress full-length Msi1 or Msi2 during the meiotic stages of mouse spermatogenesis, we have demonstrated that the abnormal expression of Msi2 causes infertility, and that the controlled expression of both Msi1 and Msi2 is crucial for spermatogenic progression. Additionally, we have discovered that aberrant expression of isoform 1 of either MSI1 or MSI2 during testis development is detrimental to cell health, as demonstrated by an overall increase in DNA damage and apoptosis, a phenotype that was enhanced in our Musashi-2 overexpression mouse model. And finally, we have provided evidence of MSI1 overexpression as a potential indicator of human testicular seminoma tumors.
MATERIALS AND METHODS

Animals
Use of animals for this study was approved by the University of Newcastle and University of Queensland Animal Care and Ethics Committees (ACECs). All animals were maintained according to the recommendations prescribed by the ACECs. Prior to dissection, animals were euthanized via CO 2 asphyxiation in accordance with ACEC directives.
Human Tissues and Tumor Samples
Human testes sections and tissues were obtained commercially (Abcam, Sapphire Biosciences) and from the PeterMac Tumor Bank. All investigations were conducted in compliance with the appropriate guidelines specified by the Tumor Bank and University of Newcastle Human Ethics Committees, with specific tissue requirements stipulated in [27] .
Chemicals and Reagents
All chemicals and reagents were obtained from Sigma, Promega, and Invitrogen, unless otherwise stated. Cell lines, culture media, and supplements were obtained from Sigma and Gibco.
Transgenic Mouse Production
The complete Msi1 transcript (NM_008629.1) was amplified from testis cDNA, sequenced, and cloned into the Not1-Xho1 sites of the mammalian expression vector pNASSb (ATTC #77180; GenBank accession number U02433); pNASSb contains a germ cell-specific C4 isozyme of lactate dehydrogenase, Ldhc4 promoter, inclusive of the 100-bp core promoter with the addition of a 338-bp 5 0 sequence containing regulatory elements (as previously described [28] ). To generate Msi1 transgenic mice, the pNASSb Msi1 construct was injected into pronuclear B6xCBA F2 hybrid zygotes after removal of vector sequences using EcoRI/SalI restriction enzyme digest. Transgenic mice were identified by genomic-PCR analysis of DNA prepared from tail snips obtained at Day 20 after birth. This process was similarly repeated for production of Msi2 transgenic mice using the complete 1.04-kb Msi2 transcript (NM_054043.3). Transgenic Msi1 animals were founded from four independent lines, and transgenic Msi2 animals were generated initially from three independent lines; phenotypes recorded were consistently observed across all lines.
Histomorphological Preparation and Immunohistochemistry/TUNEL Analysis
Whole mouse isolated testes were placed in Bouin fixative for 6-24 h, washed in 70% ethanol, paraffin embedded, and serially sectioned (4 lm thick) throughout the entire testis, with every fourth slide counterstained with hematoxylin and eosin. Antibodies specific for pan-Musashi-1 (MSI1; AF2628; R&D Systems), pan-Musashi-2 (MSI2; ab50829; Abcam), lactate dehydrogenase C (LDHC; ab63966; Abcam) proliferating cell nuclear antigen (PCNA; NA03T; Merck KGaA), active Caspase3 (Casp3; ab13847, Abcam), and Gamma H2A.X (phosphor S139) (cH2AFX; ab11174; Abcam), were used to probe testis tissue sections using the same protocol. Testis sections were deparaffinized, rehydrated, and permeabilized via heat-mediated antigen retrieval. Sections were then blocked in 3% bovine serum albumin (BSA)/ TBS for 1.5 h at room temperature. The following solutions were diluted in TBS containing 1% BSA. Sections were incubated with primary antibody of choice for 1 h at room temperature. After washing in TBS containing 0.1% Triton X-100, sections were incubated with the appropriate fluorescent conjugated secondary antibodies (IgG Alexa Fluor Conjugate 594/488; 1:200 dilution; Invitrogen,) for 1 h. Similarly, TUNEL analysis was performed on Bouin-fixed testis sections following the protocol for peroxidase staining of paraffin-embedded tissue within the ApopTag Peroxidase In Situ Apoptosis Detection Kit User Manual (Merck Millipore). All slides were counterstained with 4 0 -6-diamidino-2-phenylindole (DAPI) and mounted in Mowiol.
Germ Cell Isolation
Spermatogonia, pachytene spermatocytes, and round spermatids (the immediate product of the second meiotic division) were isolated by loading the dissociated testes onto a 2-4% continuous BSA gradient, as previously described [29] . Following separation, isolated cells were immediately subjected to RNA or protein extraction or were used to produce lysate.
RNA Extraction
Total RNA isolation was performed using two rounds of a modified acid guanidinium thiocyanate-phenol-chloroform protocol followed by isopropanol precipitation [30] .
RT-PCR and Quantitative PCR
Reverse transcription was performed as described [31] . Total RNA was DNase treated prior to reverse transcription to remove genomic DNA. Reverse transcription reactions were verified by b-actin RT-PCR using cDNA amplified with GoTaq Flexi (Promega). Taq quantitative PCR (qPCR) was performed using SYBR Green GoTaq qPCR master mix (Promega) according to manufacturer's instructions on an MJ Opticon 2 (MJ Research) or LightCycler 96 SW 1.0 (Roche). Primer sequences have been supplied (see Supplemental  Table S1 ; Supplemental Data are available online at www.biolreprod.org). Reactions were performed on cDNA equivalent to 100 ng of total RNA and carried out for 40 amplification cycles. SYBR Green fluorescence was measured after the extension step at the end of each amplification cycle and quantified using LightCycler Analysis Software (Roche). For each sample, a replicate omitting the reverse transcription step was undertaken as a negative control. The qPCR data were normalized to the housekeeping control Cyclophilin. Experiments were replicated at least three times prior to statistical assessment. Each PCR was performed on at least three separate cell or tissue isolations, of which a representative PCR or an average is shown. endotoxin-free TE buffer. DNA polymerase (Invitrogen) was used according to the manufacturer's protocol for genotyping RT-PCR reactions.
Protein Extraction and Immunoblotting
Protein was extracted using 300 ll RIPA lysis buffer (150 mM sodium chloride, 0.5% sodium deoxycholate, 1.0% Triton-X, 0.1% SDS, 50 mM Tris, pH 8.0, Protocease protease inhibitor; GBiosciences) per 5 mg of cells or tissue. Protein concentration was estimated using a Pierce BCA Protein Assay Kit (Thermo Scientific) [32] . Immunodetection was conducted as previously described [29] , using primary antibodies to Musashi-1 (MSI1; AF2628; R&D Systems), Musashi-2 (MSI2; ab50829; Abcam), Importin-5 (IPO5; sc-11369; Santa Cruz Biotechnologies) and a-Tubulin (Tubulin; T5168; Sigma-Aldrich). Membranes were stripped of primary and secondary antibodies to allow reprobing using Western Re-Probe (G-Biosciences), according to the manufacturer's instructions. Labeled antibodies were detected with either Amersham ECL or Amersham ECL Plus Western Blotting Detection Reagents according to the manufacturer's instructions (GE Healthcare U.K. Limited). aTubulin was used as a loading control.
Sperm-Oocyte-Binding Assays
Zona pellucida-intact oocytes were collected from superovulated control female adult mice as described [31] . Mature epididymal spermatozoa were collected from Postnatal Day (PND) 60 transgenic Msi1 and Msi2 males and wild-type (Wt) littermates as previously described [31] . Following capacitation, a minimum of 10 zona pellucida-intact oocytes was then added to each individual sperm suspensions and coincubated for 30 min at 378C in 5% CO 2 in air. Using serial aspiration through a finely drawn pipette, unbound and loosely adhered spermatozoa were removed from oocytes. Oocytes were then mounted on slides and the number of sperm bound to the oocyte membrane counted.
Morphological Analysis of Spermatozoa
Spermatozoal suspensions were smeared onto poly-L-lysine-coated slides (Polysine; Menzel Glaser) and fixed with methanol. Spermatozoa were stained using the DIFF-Quik Stain Set according to the manufacturers' instructions (Lab Aids Pty Ltd.). Spermatozoa were then counted and designated as having normal or abnormal head or tail morphology. Acrosomal staining was performed as follows: slides were permeabilized with 0.15% Triton-X for 45 min. They were then incubated with 100 lg/ml fluorescein isothiocyanate (FITC)-conjugated Pisum sativum lectin (FITC-PNA, Sigma) for 40 min at 48C, washed twice in PBS, and then counterstained with DAPI for 5 min at room temperature, washed twice more in PBS, and then mounted in Mowiol.
Comet Analysis
Single-cell gel electrophoresis was performed on mature epididymal spermatozoa collected from PND60 transgenic Msi1 and Msi2 males and Wt littermates using the neutral comet assay, as previously described [31] . This method detects strand breaks and incomplete excision repair sites [33] . The assay was performed following the Neutral Comet Assay Protocol and reagents provided (Trevigen). Mature spermatozoa were embedded in an agarose gel matrix on provided comet slides; following exposure to kit-based lysis solution, cells were electrophoresed in a neutral buffer at 48C at a low voltage for 1 h, following which cells underwent DNA precipitation and a final wash in 70% ethanol prior to oven drying to bring cells to a single focal plane. Slides were left to dry at room temperature overnight and labeled with SYBR Green for visualization via florescent microscopy the following day. Analysis was performed by counting ;500 cells per animal and assessing the total percentage of fragmented cells, with undamaged cells remaining intact.
Meiotic Spreads and Immunocytochemistry
Isolated pachytene spermatocytes and round spermatids were resuspended in filter-sterilized 0.1 M sucrose solution with Protocease (G-Biosciences) protease inhibitors. Approximately 60 ll of 1% paraformaldehyde, pH 9.2, with 0.1% Triton-X 100 was spread onto each Superfrost microscope slide (HD Scientific Supplies Ltd.) along with ;35 ll of the spermatocyte or spermatid cell suspension. The slides were then air dried for 2 h, then washed in 0.4% Photo-Flo 200 solution (Kodak Professional), air dried, and stored at À808C. Slides were rinsed with 3% BSA-PBS-Tx (0.015% Triton-X), then blocked 2 3 5 min at room temperature in ADB (10% goat serum, 3% BSA-PBS-Tx). Primary antibodies cH2AFX (ab26350; Abcam) and SYCP3 (SCP3; ab15093; Abcam), diluted 1:100 in ADB, were incubated for 1 h at room temperature. Slides were rinsed with 3% BSA-PBS-Tx, then washed 3 3 5 min in PBS-Tx (0.015% Triton), and then 3 3 5 min with ADB. The appropriate secondary antibodies, diluted 1:200 in ADB, were incubated for 2 h at room temperature. The slides were then washed 3 3 5 min in PBS-Tx, counterstained with DAPI, and mounted with Mowiol. Cells were quantified as previously described [34, 35] .
Microscopy
All histological preparations were observed on an Axio Imager A1 epifluorescent microscope (Carl Zeiss MicroImaging Inc.) under fluorescent optics and pictures taken using an Olympus DP70 microscope camera (Olympus America).
Statistics
Statistical analysis was performed using JMP10 analysis software (SAS). All experiments were biologically replicated independently a minimum of three times, based on power of analysis. The majority of datasets presented a positively or negatively skewed distribution for which nonparametric Wilcoxon/Kruskal-Wallis testing was administered. In figures, * denotes statistical significance, specifically ***P , 0.001, **P , 0.01, and *P , 0.05.
RESULTS
Musashi-1 and Musashi-2 Are Uniquely Expressed During Testis Development
We initially undertook qPCR analysis on testes collected at specific developmental time points to analyze Msi1 and Msi2 gene expression throughout the first cycle of spermatogenesis (Fig. 1A) . Msi1 transcript levels in testes peaked at PND11, a time when spermatocytes are undergoing meiotic development, and PND22, transitioning into spermatids, whereas at PND2, a time of the differentiation of gonocytes to spermatogonia, Msi1 gene expression was much reduced in comparison to PND6, 11, 22, and 36 (P , 0.05). In contrast, total testicular Msi2 expression was at its highest points early and late in spermatogenesis (PND2 and 60), compared to PND22 and 28 (P , 0.05). Analysis revealed a significantly higher level of expression of total Msi2 compared to total Msi1 at most time points studied: PND6, 11, 36, and 60 ( Fig. 1B) (P , 0.05).
Our initial analysis provided an indication of Msi1 and Msi2 expression at key developmental time points; however, testes from each of these time points contained both somatic cells and germ cells. Thus, to assess the relative expression of Msi1 and Msi2 specifically in germ cells, further qPCR analysis was performed on highly enriched populations of spermatogonia, pachytene spermatocytes, and round spermatids (Fig. 1C) . Msi1 expression was highest in spermatogonia and round spermatids, with decreased expression in pachytene spermatocytes (P , 0.001). Msi2 transcript was highest in round spermatids in comparison to spermatogonia and pachytene spermatocytes (P , 0.05). Furthermore, expression of Msi1 was found to be significantly higher than Msi2 in spermatogonia (P , 0.001).
Overall, the differences of Msi1 and Msi2 expression observed in isolated germ cells compared to corresponding PND time points in testes are clearly attributable to expression in somatic Sertoli and Leydig cells present at these times, and indicate that Msi2 is highly expressed in somatic cells of the testis.
Msi1 and Msi2 splice variants have been previously identified [36] [37] [38] . We used RT-PCR to determine whether both Msi1 and Msi2 spliced products were present in the testis and in the different populations of germ cells (Fig. 1D) . Indeed, the Msi1 3133-p and 1254-bp products and Msi2 1855-and 6436-bp products were observed in whole adult testis and MUSASHI RNA-BINDING PROTEINS IN SPERMATOGENESIS isolated spermatogonia, pachytene spermatocytes, and round spermatids.
Immunohistology performed on a subset of testis timecourse sections from Embryonic Day 17.5 through PND60 revealed total MSI1 protein to be localized primarily to the cytoplasm of developing spermatogonia, with nuclear expression in pachytene spermatocytes at PND11 (Fig. 2A) . Immunoblotting detected two bands corresponding to MSI1 (36-and 39-kDa isoforms), which were highly expressed at PND 2, 6, and 11 ( Fig. 2C) , concurring with immunohistochemistry and supported by densitometry (Fig. 2D) . Conversely, MSI2 localized to the nucleus of spermatocytes at PND11 and round spermatids at PND22 (Fig. 2B) . MSI2 immunoblotting identified all three protein isoforms (37, 35 , and 31 kDa), present from PND2 through PND60 (Fig. 2C) , with highest relative expression observed at PND24 and PND36, conferred via densitometry (Fig. 2D) . High levels of MSI2 observed at PND2 and PND6 can be attributed to visible Leydig cell expression (Fig. 2B) . Thus, transcript ( Fig. 1) and protein ( Fig. 2) analysis of both Musashi paralogs indicated a unique pattern of expression and localization of MSI1 and MSI2 in male germ cells (Fig. 2E) .
Generation of Transgenic Musashi Mouse Models and Confirmation of Overexpression
We developed two germ cell-specific transgenic mouse models, designed to ectopically overexpress the full-length isoform 1 of Msi1 or Msi2 transcript (i.e., the predominant isoform of Msi1 observed (Fig. 1D) and the fully functional protein product of MSI2 shown (Fig. 2C ) in our characterization study). A germ cell-specific promoter, LDHC, drove Msi1 and Msi2 expression in meiotic spermatocytes and postmeiotic round spermatids (Fig. 3A) [39] . Initial breeding trials indicated complete sterility in transgenic overexpression Msi2 (TgMsi2) males (Fig. 3B) . Transgenic overexpression Msi1 (TgMsi1) males and females and TgMsi2 females were able to reproduce at rates comparable to Wt animals (Fig. 3B) .
Transcript analysis performed on isolated testis cDNA from TgMsi1 and TgMsi2 adults revealed a 4-fold increase in total Msi1 expression (P , 0.05) and a 3.7-fold increase in total Msi2 expression (P , 0.001) relative to their Wt littermates (Fig. 4, A and B) . Immunoblotting of whole testis protein confirmed overexpression of both the full-length 39-kDa MSI1 isoform in TgMsi1 mice and the functionally competent, fulllength 37-kDa MSI2 isoform in TgMsi2 mice (Fig. 4, C and  D) . Assessment of MSI2 and MSI1 localization via immuno- histochemical analysis identified increased expression of both total MSI1 and MSI2 in the pachytene spermatocytes and spermatids of adult transgenic testis sections (Fig. 4 , Eii and Fii, respectively), relative to their Wt littermates (Fig. 4 , Ei and Fi, respectively).
Initial assessment of TgMsi2 adult testes revealed a 42% reduction in total mass compared to Wt littermates (P , 0.001; see Supplemental Fig. S1 ). Further to this, histological analysis demonstrated a significant increase in apoptotic/irregular cells and depletion of elongating spermatids (undergoing flagellar Fig. 4E and Supplemental Fig. S3 ).
Effect of Musashi Overexpression on Sperm Function
Because of the observed histological defects and impaired breeding in transgenic males, a series of analyses was performed in order to assess mature sperm function (Fig. 5) .
TgMsi1 males displayed a significant increase in abnormal (30%) spermatozoa (Fig. 5A) . Infertile TgMsi2 spermatozoa were also highly abnormal (.80%) compared to Wt controls (Fig. 5A ). The TgMsi1 spermatozoa had abnormal, rounded heads, with irregular acrosome distribution observed in some cells (Fig. 5B, ii and v) . In contrast, the TgMsi2 spermatozoa depicted a range of defects, including rounded heads, pinheads, tail abnormalities, and severe acrosomal anomalies (Fig. 5B, iii  and vi) .
In order to assess sperm fertilization potential, a series of in vitro zona pellucida-binding assays was performed using motile epididymal sperm isolated from adult transgenic animals (Fig. 5C) . A significant decrease in the ability of sperm to bind effectively to the zona pellucida of a control mouse oocyte was observed in both TgMsi1 and TgMsi2 animals relative to their Wt littermates (Fig. 5C) .
The DNA integrity of mature spermatozoa was also assessed via the neutral comet assay (Fig. 5, D and E) . In this assay, the TgMsi2 animals showed a significant increase in DNA-damaged sperm (those exhibiting comet tails), whereas the TgMsi1 and both sets of Wt comparisons fell within the range of DNA strand breaks expected for the genetic background of these mice [40] . Representative images of fluorescently stained fragmented and intact spermatozoa are displayed in Figure 5Ei -iii.
Impact of Musashi Overexpression on Spermatogenesis
Further studies were conducted in order to elucidate the overall impact of Musashi overexpression during spermatogenesis, focusing on markers of apoptosis and DNA damage visible within whole adult testis sections and isolated pachytene spermatocytes and round spermatids from TgMsi1 and TgMsi2 mice.
TUNEL analysis indicated an increase in DNA fragmentation in both TgMsi1 and TgMsi2 adult testis sections relative to Wt controls (Fig. 6Ai-iii) . Increased activated caspase-3 was also observed in TgMsi1 and TgMsi2 testis sections (Fig. 6B) , being primarily localized to the spermatogonial germ cells in TgMsi1 testis (Fig. 6Bii) and the spermatocytes/spermatids of TgMsi2 testis (Fig. 6Biii) . Analysis of cH2AFX localization, a marker of early response to DNA double strand breaks [41] , revealed differential expression persisting in round and elongating spermatids in TgMsi2 testis (Fig. 6Ciii) , not observed in TgMsi1 or Wt sections (Fig. 6C, i and ii) . PCNA, a marker of DNA replication/repair and cell cycle transit amplification [42] , was elevated in TgMsi2 spermatocytes (Figure 6Diii ), whereas TgMsi1 expression was similar to Wt (Fig. 6D, i and ii) . Finally, cH2AFX positive cell counts performed on meiotic spreads of isolated pachytene spermatocytes (Fig. 6Fi ) and round spermatids (Fig. 6Fii) indicated a significant increase in the overall presence of double strand breaks identified in both populations of cells from TgMsi2 testis but not TgMsi1 testis cells (Fig. 6E, i and ii).
Expression in Human Testes
PCR and immunolocalization studies were undertaken in order to determine whether MSI1 and MSI2 were present in human testis samples. Both MSI1 and MSI2 transcript variants were detected in human testis samples (Fig. 7A) , with MSI1 SUTHERLAND ET AL. and MSI2 protein being localized to the same germ cell populations observed in the mouse (Fig. 7B, i and ii) .
Quantitative expression of full-length MSI1 and MSI2 was performed on multiple matched human testis tumor (seminoma and mixed germ cell tumor) and normal human testis tissue samples alongside the human testicular cancer cell lines Tcam-2 (seminoma) and 833KE (nonseminoma germ cell tumor) (Fig. 7C, i and ii) . A significant increase in MSI1 expression was observed in human seminoma samples relative to normal testis and mixed germ cell tumors, which was comparative to expression levels quantified in TCam-2 and 833KE cell line samples (P , 0.05). In contrast, MSI2 transcript levels remained statistically similar across all groups, with increased expression detected in some individual seminoma samples (P ¼ 0.07).
DISCUSSION
The Musashi family of RNA-binding proteins acts as important cell cycle regulators in a variety of stem cell populations and their immediate daughter progenitor cells [10, 13, 14, 23, 25, 26, 43-45] . Through the use of a mouse system to effectively model mammalian spermatogenesis, we have characterized the localization of both MSI1 and MSI2 within the spermatogenic stem cell niche, meiosis, and spermiogenesis. The unique expression patterns for both MSI1 and MSI2 suggest individual roles of both RNA-binding proteins throughout the process of sperm development in the mammalian testis (Figs. 1 and 2 ). Similar findings have been put forward in a recent study that identified distinctive roles for Musashi-1 and Musashi-2 in pancreatic islet (endocrine) cells [46] . However, in the context of stem cell proliferation and differentiation, a unique role for each protein appears to be a hallmark of male germ cell development [14, 36, 47] . Indeed, various extensive studies of Musashi proteins in the central nervous system and brain unequivocally favor a redundant and compensatory role for Musashi-2, indistinct from Musashi-1 [13, 16, 36, 48] . In all other cases involving primary regulation via Musashi-2, particularly reported on in hematopoietic malignancy, Musashi-1 expression is effectively undetectable [14, 49] .
Our detailed expression data indicate that both Musashi paralogs occupy different functional niches within the context (ii) testis, counterstained with nuclear marker DAPI. iii, iv) Light microscopy of hematoxylin and eosin (H&E)-stained Wt (iii) and TgMsi1 (iv) testis sections. Cells are labeled as follows: spermatogonia (spg), spermatocytes (spc), spermatids (spt), and Leydig. F) Immunohistological and histological analysis of TgMsi2 adult PND60 testis sections, with Wt comparison. i, ii) Fluorescent MSI2 (green) staining as visualized via epifluorescent microscopy of Wt (i) and TgMsi2 (ii) testis, counterstained with nuclear marker DAPI. iii, iv) Light microscopy of H&E-stained Wt (iii) and TgMsi2 (iv) testis sections. Cells are labeled as follows: spermatogonia (spg), spermatocytes (spc), spermatids (spt), and Leydig.
MUSASHI RNA-BINDING PROTEINS IN SPERMATOGENESIS of male germ cell development. We have demonstrated differential Musashi expression, with MSI1 evident during the mitotic phase of spermatogenesis in SSCs and their progenitor spermatogonia, whereas MSI2 is expressed during the meiotic and postmeiotic stages of spermatogenesis, with the onset of spermatocyte development. This suggests that MSI1 is contributing to early spermatogenic development and functioning primarily in spermatogonial amplification and transit into meiosis, consistent with findings in Drosophila [25] . We postulate that MSI2 is functional in later spermatogenesis, playing a key role in differentiation and development of spermatocytes and spermatids. Striking precedents for the differential roles of alternative RBP paralogs during spermatogenesis can be observed among the Y-box proteins [50, 51] . Here the authors demonstrated the ability of Y-box-binding protein 3 (YBX3) to functionally compensate for nucleasesensitive element-binding protein 1 (YBX1) during embryogenesis [50] . Conversely, the third paralog, Y-box-binding protein 2 (YBX2), is solely expressed in male and female germ cells, where inactivation results in spermatogenic arrest and male infertility [51] .
Recent studies performed on Msi2-deficient mice described a 50% embryonic lethality phenotype in knockout animals, and subfertility when crossed among themselves [44] . Similarly, complete Musashi knockouts have severe developmental abnormalities with frequent postnatal lethality [13, 52] , and because of the general debilitation of the surviving animals, information on spermatogenesis in Musashi mammalian models of loss of function have not been described. In contrast, the overexpression of Musashi has been well documented in human health, specifically in relation to cancer and stem cells [14, 44, 49] . Moreover, the significant role that overexpression of Msi2 plays in leukemic progression and regulating hematopoietic stem cells has recently been elucidated [53] . Consequently, we sought to explore overexpression of Musashi during spermatogenesis. Using our novel Ldhc-driven Musashi overexpression system, we have demonstrated that overexpression of both full-length isoforms of Msi1 and Msi2, restricted to pachytene spermatocytes and later stages of spermatogen-FIG. 5. Functional sperm analysis of transgenic animals. A) Abnormal epididymal spermatozoon counts. Summary of counts performed of isolated mature epididymal sperm spreads from TgMsi1, TgMsi2, and respective Wt littermates. Counts are mean percentage þ SEM; n ! 4; ***P , 0.001; **P , 0.01. B) Representative images of DIFF-Quik visualization (i-iii) via light microscopy and FITC-PNA acrosomal staining (iv-vi) of mature spermatozoa counterstained with nuclear marker DAPI, viewed via epifluorescent microscopy. Wt image is representative of both TgMsi1 and TgMsi2 Wt littermates. C) Zona pellucida-binding capacity of motile epididymal spermatozoa from TgMsi1, TgMsi2, and respective Wt littermates. Assayed using salt-stored MII mouse oocytes (zona pellucida intact). Counts are mean sperm bound per oocyte, normalized based on number of sperm initially added, þ SEM; n ! 4; ***P , 0.001; *P , 0.05. D) Neutral comet analysis performed on mature spermatozoa from TgMsi1, TgMsi2, and respective Wt littermates. Data are mean comet tails counted/500 cells þ SEM; n ¼ 4; *P , 0.05. E) i-iii) Representative comet images visualized via epifluorescent microscopy, cells stained with SYBR Green. Wt image represents both TgMsi1 and TgMsi2 Wt animals.^indicates DNA-damaged spermatozoa that have undergone comet fragmentation. ! indicates DNA-intact, undamaged spermatozoa. Bar in i is representative for all panels.
SUTHERLAND ET AL. esis, resulted in major disruption to testis development and germ cell differentiation, with TgMsi2 males being infertile, potentially attributable to a tipping of the balance between the primary two Msi2 isoforms (Figs. 3 and 4) . In contrast, the TgMsi1 males displayed a more subtle phenotype, with minor morphological defects observed in testis histology.
Further investigation into the effects of Musashi overexpression on mouse spermatogenesis revealed a series of major cellular apoptotic events (Casp3 and TUNEL), increased DNA strand breakage (gH2AFX), and aberrant mitotic division (PCNA) in the TgMsi2 testis (Fig. 6 ). These findings resemble MSI2 action during hematopoiesis, whereby overexpression of human MSI2 in a mouse model altered HSC cell cycle progression [14] . In contrast, TgMsi1 animals demonstrated no changes in markers of early DNA damage and proliferation (cH2AFX and PCNA), but did appear to show some evidence of early apoptotic activation (Casp3), resulting in programmed cell death (TUNEL) (Fig. 6) . Interestingly, a number of previous studies have associated overexpression of MSI1 with tumors and tumor growth [54] [55] [56] [57] [58] . The findings from our novel TgMsi1 overexpression model, whereby normal cellular proliferation was observed and the evidence of apoptosis and cell death is minor, suggest that in this instance, sole overexpression of Msi1 does not appear to be sufficient to induce germ cell tumor formation. Given the essential role RNA-binding proteins play in posttranscriptional control, it is important to consider redundancy in function and regulatory relationships that exist as a method of controlling aberrant spermatogenesis and ensuring fertilizing potential [2, 59] . For example, the presence of additional MSI1 and MSI2 splice variant isoforms during spermatogenesis, as evidenced by immunoblotting, may serve in functional redundancy (Fig. 2C) . As to the role of Musashi, we can postulate that both paralogs serve different functions, but must also consider their degree of integration into the complex network of gene expression in spermatogenesis, as well as the involvement of additional crucial regulators. In this study we acknowledge that Musashi is only one of a suite of RNA-binding proteins that may be essential for correct sperm production and development that have been previously highlighted in a number of contemporary reviews [2, [59] [60] [61] [62] [63] .
Analysis of sperm parameters and functionality revealed severe pathological defects in TgMsi2 sperm, including morphological abnormalities, reduced fertilization potential, and increased DNA damage (Fig. 5) . These results suggest the observed infertility in TgMsi2 animals is due to poor sperm function and production as opposed to embryonic lethality. Interestingly, the fertile TgMsi1 animals also had a significant, although far less severe, increase in abnormal sperm morphology, with functional sperm analysis indicating a concomitant significant reduction in sperm-zona pellucida-binding capabilities in vitro (Fig. 5) . These results confirm that increased ectopic Musashi expression can affect sperm development and function, and that expression of MSI1 must be down-regulated at the end of spermatogonial divisions prior to entry into the pachytene spermatocyte stage for normal spermatogenesis to occur. 
MUSASHI RNA-BINDING PROTEINS IN SPERMATOGENESIS
Although our overexpression model focuses on the larger canonical forms of Musashi, we contend that alterations to the other spliced variants observed in the testis will also need to be examined to gain a comprehensive overview of the role of Musashi in the regulation of spermatogenesis. This is exemplified by a recent study on the role of MSI2 in embryonic stem cell self-renewal, which found that ectopic expression of isoform 1 (37 kDa) but not isoform 2 (35 kDa) enhanced the cloning efficiency of embryonic stem cells, and that ectopic expression of both isoforms was required to inhibit asymmetric division [64] .
Documented expression of numerous RNA-binding proteins in spermatogenic germ cells indicates a crucial involvement in posttranscriptional control during spermatogenesis [7] . The generation and description of testes-specific transgenic mouse models of several RNA-binding proteins [4, 8, 26, 65] , allows for the evaluation of our transgenic Musashi findings within the context of germ cell mRNA regulation. For example, comparisons can be drawn between our MSI1 overexpression model and Pumilio-2 (PUM2). Similar to MSI1, PUM2 is most highly expressed in undifferentiated gonocytes and spermatogonia, with transgenic disruption of Pum2 resulting in significantly smaller testes but otherwise viable and fertile mutants with normal spermatogenesis [66] . These findings are similar to that of our own TgMsi1 overexpression system, although the disruption of Pum2 suggests a failure of gonocytes to establish a stem cell pool of normal proportions, whereas the TgMsi1 overexpression system suggests aberrant germ cell differentiation. Moreover, the prevention of spermatogenic arrest in both these instances argues a case for the potential for functional redundancy between different RNAbinding protein families.
Parallels can also be made between MSI2 and the RNAbinding proteins Protein Boule-like (BOLL) and ATP-dependent RNA helicase DDX25 (DDX25). BOLL is conserved across vertebrate species and is testis specific in mammals, expressed in pachytene spermatocytes through meiosis and decreases in early spermatids, with Boll male knockout mice exhibiting infertility associated with round spermatid arrest [67, 68] . Similar to MSI2, in the testes DDX25 is present in both somatic Leydig cells and developing germ cells, specifically spermatocytes and round spermatids [69] . Male knockout Ddx25 mice are sterile with a significant reduction in testis size and demonstrate a complete arrest of spermiogenesis during step 8 of round spermatid differentiation [69] . Although the BOLL and DDX25 experimental systems involve abolition of expression as opposed to overexpression, these similar phenotypic assessments further support the argument for the combined actions and overlapping functions of multiple RNAbinding proteins in facilitating the uncoupling of transcription and translation during spermatogenesis.
Finally, we have provided evidence for the relevance of Musashi overexpression in relation to human type II testicular cancer. Mixed germ cell tumors are the most prevalent type of nonseminomatous germ cell tumors and commonly consist of a combination of teratoma and embryonal cell carcinoma [70, 71] . In contrast, seminomas are a pure germ cell tumor and are the most commonly occurring type of testicular tumor, accounting for 40% of all germ cell tumors, and generally respond better to treatment than nonseminomas [72, 73] . Our analysis has shown that MSI1 and MSI2 are both expressed in human testis germ cells. Furthermore, we observed that within a sample of pure seminomas, MSI1 expression, but not MSI2 expression, was enriched relative to normal matched human testis controls, to levels similar to those of TCam-2 and 833KE testicular tumor cell lines. Given that our overexpression TgMsi1 mouse model showed no evidence of germ cell tumor formation, these data suggest that Musashi-1 may not directly induce testicular cancer, but may instead act as a downstream indicator of tumor formation, specifically human testis seminomas, as has previously been demonstrated in other tumor types [55] [56] [57] .
The data presented in this paper strongly suggest that the Musashi family proteins act as key regulators of germ cell development during the process of mammalian spermatogenesis, and supports the potential use of Musashi to better understand the importance of posttranscriptional control during germ cell development. Gaining an understanding of how MSI1 and MSI2 function to facilitate the transition from the mitotic to the meiotic cell cycle could aid in the development of in vitro production of germ cells for a variety of biotechnology applications. Additionally, the molecular characterization of MSI1 and MSI2 function(s) in spermatogenesis and germ cell tumors may also hold promise for the clinical care of young men diagnosed with infertility or testicular cancer.
